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Many bacteria are naturally capable of accumulating biopolyesters composed of 3-hydroxy fatty acids as
intracellular inclusions, which serve as storage granules. Recently, these inclusions have been considered as
nano-/microbeads with surface-attached proteins, which can be engineered to display various protein-based
functions that are suitable for biotechnological and biomedical applications. In this study, the food-grade,
generally-regarded-as-safe gram-positive organism Lactococcus lactis was engineered to recombinantly produce
the biopolyester poly(3-hydroxybutyrate) and the respective intracellular inclusions. The codon-optimized
polyhydroxybutyrate biosynthesis operon phaCAB from Cupriavidus necator was expressed using the nisin-
controlled gene expression system. Recombinant L. lactis accumulated up to 6% (wt/wt) poly(3-hydroxybu-
tyrate) of cellular dry weight. Poly(3-hydroxybutyrate) granules were isolated and analyzed with respect to
bound proteins using biochemical methods and with respect to shape/size using transmission electron micros-
copy. The immunoglobulin G (IgG) binding ZZ domain of Staphylococcus aureus protein A was chosen as an
exemplary functionality to be displayed at the granule surface by fusing it to the N terminus of the granule-
associated poly(3-hydroxybutyrate) synthase. The presence of the fusion protein at the surface of isolated
granules was confirmed by peptide fingerprinting using matrix-assisted laser desorption ionization—-time of
flight (mass spectrometry). The functionality of the ZZ domain-displaying granules was demonstrated by
enzyme-linked immunosorbent assay and IgG affinity purification. In both assays, the ZZ beads from recom-
binant L. lactis performed at least equally to ZZ beads from Escherichia coli. Overall, in this study it was shown
that recombinant L. lactis can be used to manufacture endotoxin-free poly(3-hydroxybutyrate) beads with

surface functionalities that are suitable for biomedical applications.

Polyhydroxyalkanoates (PHAs), a group of biopolyesters,
are naturally produced by a large number of bacteria as energy
and carbon storage material when they are exposed to imbal-
anced nutrient availability. The isolated biopolyesters have
been considered as alternative renewable plastics for technical
and medical applications (7, 41-43). The biosynthesis of one of
the most common biopolyesters, poly[(R)-3-hydroxybutyrate]
(PHB), comprises three enzyme-catalyzed reactions. Two mol-
ecules of acetyl-coenzyme A (CoA) are condensed to aceto-
acetyl-CoA by B-ketothiolase (PhaA). Acetoacetyl-CoA then is
reduced to (R)-3-hydroxybutyryl-CoA by the NADPH-depen-
dent acetoacetyl-CoA reductase (PhaB), and (R)-3-hydroxybu-
tyryl-CoA is polymerized into PHB by PHA synthase (PhaC)
with the concomitant release of CoA (42). The functional
expression of these three genes in various organisms established
recombinant biopolyester production (31). The PHA synthase is
the key enzyme that catalyzes the formation of high-molecular-
weight polyester molecules while mediating the assembly of in-
soluble inclusions inside the bacterial cell (1, 2, 44). These inclu-
sions, which generally are regarded as spherical, are composed of
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a biopolyester core and a protein/phospholipid shell and have
been considered shell-core micro-/nanobeads that are suitable
for technical and medical applications (16, 43). Experimental
evidence had been provided that the PHA synthase remains
covalently attached at the surface of the biopolyester granules,
and that this enzyme can be engineered to display various
functionalities, such as binding domains or enzymes suitable
for applications in affinity purification or in vitro catalysis (17,
22, 38, 39). These functionalized polyester beads have been
produced so far only by recombinant gram-negative bacteria
such as Escherichia coli or Pseudomonas aeruginosa. However,
gram-negative bacteria contain lipopolysaccharide (LPS) en-
dotoxins, which are known to be pyrogenic for the human body
and are copurified with products derived from gram-negative
hosts. Tedious purification steps are required to remove endo-
toxins to levels acceptable to the U.S. Food and Drug Admin-
istration (FDA). Methods commonly used to depyrogenate the
plastic PHA (such as oxidizing agents or supercritical fluids)
(54) are considered too harsh for the surface functionalities of
PHA beads.

With the aim of establishing an alternative source of PHB
beads that are free of LPS contamination, Lactococcus lactis
was investigated in this study as a host to manufacture engi-
neered biopolyester beads. L. lactis is a gram-positive homofer-
mentative bacterium that traditionally has been used for the
production of a variety of fermented milk products (50). Re-
cently, L. lactis has attracted interest as a safe food-grade host
for the production of heterologous proteins for medical appli-
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Characteristics Reference
or source
E. coli
XL1-Blue recAI endAl gyrA96 thi-1 hsdR17 Stratagene
supE44 relAl lac [F' proAB lacl?
lacZAM15 Tn 10 (Tet")]
L. lactis
MG1363 NCDO 712 derivative, plasmid- and 13
phage-free strain
NZ9000 MG1363 derivative, pepN::nisRK 28
Plasmid
pUC57 Cloning vector, ColE1 origin, Amp" Fermentas
pUC57-phaC  Codon-optimized phaC in EcoRV This study
site of pUC57
pUC57-phaA  Codon-optimized phaA in EcoRV This study
site of pUC57
pUC57-phaB Codon-optimized phaB in EcoRV This study
site of pUC57
pUC57-phaAB  Codon-optimized phaAB in pUC57  This study
pUCS57-ZZ Codon-optimized gene for ZZ This study
domain in EcoRYV site of pUC57
pNZ8148 Cm', pSH71 origin, P,; 35
pNZ-AB pNZ8148 derivative, P, -phaAB This study
pNZ-CAB pNZ8148 derivative, P,; -phaCAB  This study
pNZ-Z7ZB pNZ8148 derivative, P,; ,-ZZ-phaB  This study
pNZ-ZZCAB  pNZ8148 derivative, P, ,-ZZphaC- This study

phaAB

cations (37, 47), and respective gene expression systems have
been developed to use L. lactis as a cell factory. One of the
best-known inducible systems for recombinant protein produc-
tion in L. lactis is the nisin-controlled gene expression system
(NICE) (10, 26-28, 35). Nisin is an antimicrobial peptide (lan-
tibiotic) that acts as an inducer for the nis4 promoter via NisK
and NisR. The nisA promoter was shown to exhibit a linear
inducer-response relationship with nisin as the inducer (26,
29). In this study, the NICE system in L. lactis was used for
the recombinant production of tailor-made endotoxin-free
biopolyester beads that are suitable for medical applications.
The aims of this study were (i) to establish the Cupriavidus
necator PHB biosynthesis pathway in L. lactis and (ii) to use
engineered L. lactis to produce PHB beads that display a func-
tional protein that is suitable for applications in diagnostics
and affinity purification. Due to the different G+C contents of
C. necator and L. lactis, problems with efficient transcription
caused by codon usage bias were expected. The other main
challenge was whether the metabolism of L. lactis would sup-
port PHB biosynthesis. While recombinant PHB production
previously has been achieved for another gram-positive organ-
ism, Corynebacterium glutamicum (24, 25), this is the first re-
port of recombinant PHB production and the generation of
surface-functionalized PHB granules in a food-grade homof-
ermentative lactic acid bacterium.

MATERIALS AND METHODS

Strains and plasmids. Bacterial strains and plasmids used in this study are
listed in Table 1. E. coli strains were cultivated in Luria-Bertani medium at 37°C
with aeration. L. lactis strains were cultivated in M17 medium (Merck) and 0.5%
(wt/vol) glucose (0.5% GM17) at 30°C without aeration unless stated otherwise.
If required, ampicillin was used at a concentration of 75 wg/ml for E. coli, and
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chloramphenicol was added to medium at 5 pg/ml for E. coli and 10 pg/ml for L.
lactis.

Isolation, analysis, and manipulation of DNA. General cloning procedures
were performed as described previously (48). Plasmid isolation from L. lactis was
performed in the same way as that from E. coli, except that THMS buffer (30 mM
Tris-HCI [pH 8.0], 3 mM MgCl,, and 25% [wt/vol] sucrose) containing 2 mg/ml
lysozyme was used as the lysis buffer. The transformation of E. coli was per-
formed using the rubidium chloride method as described elsewhere (19). An
incubation of 48 h was required to detect colonies of transformants after the
introduction of pNZ8148-based plasmids. The transformation of L. lactis was
performed by electroporation as described previously, with the modifications
outlined below (20, 53). To make electrocompetent L. lactis cells, a 100-ml
culture of 0.5% GM17 supplemented with 0.2 M sucrose and 1% (wt/vol) glycine
was inoculated with 5% (vol/vol) of an overnight culture of L. lactis in 0.5%
GM17, and then it was cultivated at 30°C with aeration until the optical density
at 600 nm (ODgq) reached 0.4 to 0.7. Cells were harvested by centrifugation
(4,000 rpm, 4°C, 20 min) and washed with ice-cold 0.5 M sucrose-10% (vol/vol)
glycerol. Cells were kept on ice for 15 min in 50 ml of 0.5 M sucrose-10%
(vol/vol) glycerol-50 mM EDTA, harvested by centrifugation, and washed again.
The pellet finally was resuspended in 1 ml 0.5 M sucrose-10% (vol/vol) glycerol
(1/100 volume) and divided into aliquots of 40 pl.

One microliter of purified plasmid solution or 9 wl ligation mixture (each
corresponding to about 1 pg of DNA) was mixed with 40 pl competent cells.
After incubation on ice for 30 min, electroporation was performed using a 2-mm
cuvette with a 2-kV pulse (with a pulse time of about 5.0 to 5.5 ms) (MicroPulser;
Bio-Rad Laboratories). After being pulsed, 1 ml of recovery medium (M17
supplemented with 20 mM MgCl, and 2 mM CaCl,) was added to the cells
immediately. After incubation for 10 min on ice, cells were allowed to recover at
30°C for 1.5 to 2 h and subsequently plated onto M17 agar containing 0.5%
(wt/vol) glucose and 10 wg/ml chloramphenicol. Colonies were detected after 24
to 36 h.

Construction of plasmids enabling biopolyester bead production by L. lactis.
The genes phaC, phaA, and phaB from C. necator were synthesized by Gene-
Script Corporation (Piscataway, NJ), who adapted them to the codon usage bias
of L. lactis, i.e., avoiding rarely used codons. The construction of pNZ-AB was
conducted as a two-step ligation as described below. pUC57-phaB was digested
with BamHI and HindIll, and the resulting phaB fragment was inserted into
pUCS57-phaA downstream of phaA using the same restriction sites. The resulting
plasmid, pUC57-phaAB, was digested with SphI and HindIII to release the
phaAB-comprising DNA fragment, which subsequently was ligated into SphI-
HindIII-hydrolyzed pNZ8148, generating pNZ-AB. pNZ-CAB, with the entire
phaCAB operon under nisA promoter control, was obtained by the ligation of the
Ncol-Sphl DNA fragment comprising phaC from pUC57-phaC into Ncol-Sphl-
hydrolyzed pNZ-AB.

The DNA region encoding the immunoglobulin G (IgG) binding ZZ domain
derived from Staphylococcus aureus protein A also was synthesized by Gene-
Script Corporation (Piscataway, NJ), who adapted it to the codon usage bias of
L. lactis. A DNA fragment of pUC57-ZZ containing part of the nis4 promoter
(P,.is4) and the ZZ region was obtained by BstBI and BamHI hydrolysis and
inserted into the corresponding sites of pNZ-AB, yielding pNZ-ZZB. To intro-
duce the phaC- and phaA-containing fragment of pNZ-CAB into pNZ-ZZB,
both plasmids were hydrolyzed with Nhel and BamHI, and the phaCA fragment
of pNZ-CAB was inserted into pNZ-ZZB, resulting in pNZ-ZZCAB.

The DNA sequences of all constructed plasmids were confirmed by DNA
sequencing according to the chain termination method using an ABI3730 Ge-
netic Analyzer (Applied Biosystems Inc., CA).

Establishment of the PHB biosynthesis pathway in L. lactis. To assess whether
recombinant L. lactis was capable of PHB production, the respective cells were
analyzed by gas chromatography/mass spectrometry (GC/MS). Briefly, cells were
cultivated in 50 ml M17 broth supplemented with 1% (wt/vol) glucose (1%
GM17), galactose (GalM17), or lactose (LacM17) for 24 h. For aerobic growth
conditions, cultivations were performed in 250-ml flasks with agitation. For
anaerobic growth conditions, cells were grown in sealed 50-ml bottles without
agitation. Where necessary, L-arginine was added at a concentration of 0.3%
(wt/vol), or hemin was added at 10 pg/ml (stock solution of 0.5 mg/ml in 0.05 N
NaOH). Induction was obtained by adding nisin to a final concentration between
2.5 and 40 ng/ml (stock solution of 250 pg/ml in 0.05% acetic acid) when the
ODy reached 0.5. After cultivation, cells were harvested, washed once with an
equal volume of 50 mM potassium phosphate buffer (pH 7.4), and then freeze-
dried at —80°C. The PHB contents of the lyophilized samples were determined
by GC/MS after the conversion of the PHB into 3-hydroxymethylesters by acid-
catalyzed methanolysis (4).
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Determination of acetate and lactate in culture supernatants. The concentra-
tions of acetate and lactate were measured in culture supernatants from different
growth conditions. Cells were cultivated for 24 h as described in the previous
section and centrifuged, and the supernatants were analyzed. Acetate was
determined using the Megazyme Acetic Acid kit (acetate kinase format)
(Megazyme International Ireland, Bray, Co. Wicklow, Ireland), and lactate
was measured with the Lactate Assay kit from Eton Bioscience (San Diego,
CA) by following the manufacturers’ instructions.

Isolation of PHB beads from recombinant L. lactis. L. lactis strains were
cultivated for 24 h and harvested by centrifugation (6,000 rpm, 4°C, 20 min).
After the pellet was resuspended in a 1/50 volume of 50 mM potassium
phosphate buffer (pH 7.4) containing 3 mM MgCl, and 25% (wt/vol) sucrose, cells
were incubated with 10 mg/ml lysozyme at 37°C for 2 h. The supernatant was
removed by centrifugation at 8,000 X g for 30 min, and the sediment was
resuspended in the same volume of 50 mM potassium phosphate buffer. Cells
were further disrupted by sonication (30 s, five times, 30 W), and the cell extract
was removed by centrifugation at 6,000 X g for 20 min. The sediment was
subjected to glycerol gradient ultracentrifugation. After 2.5 h of ultracentrifuga-
tion at 100,000 X g, beads could be isolated from the boundary of 44 and 88%
(vol/vol) glycerol.

TEM analysis. To confirm biopolyester bead formation inside recombinant L.
lactis as well as to assess the shape and size of the biopolyester beads produced
by L. lactis, transmission electron microscopy (TEM) analysis was performed.
After 24 h of cultivation, 2 ml of cell culture was harvested and washed twice with
50 mM potassium phosphate buffer (pH 7.4), and sediments were prepared for
electron microscopy analysis as previously described (17).

Analysis of proteins attached to PHB beads. To assess the biopolyester bead
protein profile, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed as described previously (30, 48). Dominant
bands were cut out and identified by tryptic peptide fingerprint analysis using
matrix-assisted laser desorption ionization—time of flight (mass spectrometry)
[MALDI-TOF(MS)] as described previously (22).

Assessment of functional display of the IgG binding ZZ domain at the surface
of engineered biopolyester beads from recombinant L. lactis. Enzyme-linked
immunosorbent assay (ELISA) analysis was performed as described previously
(5), but with slight modifications. Briefly, biopolyester beads were attached to
wells of an ELISA plate (starting from a protein amount of 5 pug per well). After
being blocked with 3% (wt/vol) bovine serum albumin for 1 h, each well was
incubated with horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG
(Jackson ImmunoResearch Laboratories, PA) for 1 h. After being washed, 100
wl of an o-phenylenediamine solution (Abbott Diagnostics, IL) was added to
each well, and after 15 min, the reaction was stopped by adding 100 ul of 1 N
H,SO,. The amount of substrate conversion was measured at a wavelength of
490 nm using a microtiter plate reader.

Use of ZZ domain-displaying beads from recombinant L. lactis for purification
of IgG from human serum. IgG purification was performed as described previ-
ously (5). Briefly, beads were washed in a series of buffers (TBS [50 mM Tris-
HCI, 150 mM NaCl, pH 7.4]; 50 mM glycine, pH 1.9; TBS; 50 mM Tris-HCI, 500
mM NaCl, pH 7.4; and 10 mM Tris-HCI, 37.5 mM NaCl, pH 7.4) and resus-
pended in TBS. Beads (corresponding to 500 p.g of total bead protein) then were
mixed with an excess of human serum and incubated at room temperature for 30
min. Following incubation, the beads were pelleted and washed with the follow-
ing buffers: once with TBS, twice with 50 mM Tris-HCI, 500 mM NaCl, pH 7.4,
and twice with 10 mM Tris-HCI, 37.5 mM NaCl, pH 7.4. Proteins bound to the
beads then were eluted with 50 mM glycine, pH 2.7, and subsequently analyzed
by SDS-PAGE.

RESULTS

Establishment of PHB biosynthesis in L. lactis. The bioin-
formatic analysis of the L. lactis genome sequence did not
reveal genes homologous to the PHA biosynthesis genes. Thus,
to produce PHB granules in L. lactis cells, plasmid pNZ-CAB
was constructed that harbors the codon-optimized PHB bio-
synthesis operon from C. necator under P, , control. Plasmid
pNZ-AB, harboring only the two PHB biosynthesis genes phaA
and phaB, was constructed and used as a negative control in
addition to the empty vector pNZ8148. These plasmids were
transformed into L. lactis, and PHB production in recombinant
L. lactis NZ9000 strains was assessed by GC/MS analysis using

APPL. ENVIRON. MICROBIOL.

TABLE 2. Growth and PHB biosynthesis of L. lactis NZ9000
harboring various plasmids®

.. PHB

Plasmid Description Nisin® CDW content® pH?
(ng/ml) (g/liter) (%, wiiwt)

pNZ8148 Pia 10 1.16 0 4.97
pNZ-AB P,;s4-phaAB 10 1.60 0 5.40
pNZ-CAB  P,; -phaCAB 0 1.92 0 5.49
2.5 1.75 5.09 5.56
10 1.63 4.44 5.48
20 1.59 5.79 5.56
40 1.56 6.06 5.50

“ Experiments were conducted in triplicate, and the mean values are shown.
The standard deviation was <15%. Cells were cultivated in 50 ml M17 medium
containing 1% (wt/vol) glucose and 0.3% (wt/vol) arginine with aeration for 24 h
at 30°C.

® Nisin induction was performed when an ODy, of about 0.5 was reached.

¢ PHB content was determined by GC/MS.

4 pH in culture supernatant.

cells cultivated in 1% GM17 supplemented with 0.3% (wt/vol)
L-arginine for 24 h (Table 2). The strain NZ9000 harboring
pNZ8148 or pNZ-AB did not accumulate any PHB. However,
strain NZ9000 harboring pNZ-CAB accumulated the biopoly-
ester PHB, contributing to 4 to 6% (wt/wt) of cellular dry
weight (CDW) when the inducer nisin was added at a concen-
tration of =2.5 ng/ml (Table 2). Nisin concentrations greater
than 2.5 ng/ml only slightly enhanced PHB accumulation.
When more than 10 ng/ml nisin was added to the medium, the
biomass production was slightly impaired. The final pH of the
culture supernatant was independent of the nisin concentra-
tion (Table 2). When cells were cultivated for 48 h instead of
24 h, no increase in biomass or PHB production was observed
(data not shown). Time course experiments indicated that the
PHB content remained unchanged after cells reached the sta-
tionary growth phase (see Fig. S2 in the supplemental mate-
rial).

Effect of the carbon source and oxygen availability on PHB
and biomass production. Since it has been reported that L.
lactis switches its metabolism between homolactic fermenta-
tion and mixed-acid fermentation depending on the carbon
source as well as the availability of oxygen (14, 21, 51), strain
NZ9000(pNZ-CAB) was grown under various cultivation con-
ditions to evaluate the effect of these factors (Table 3). When
the strain was cultivated in M17 medium containing galactose
or glucose as the carbon source, the final ODy,, and CDW
were higher compared to those with lactose as the carbon
source. Strain NZ9000(pNZ-CAB) accumulated about 4 to 6
and 1% (wt/wt) PHB of CDW when cultivated with glucose or
galactose under aerobic and anaerobic conditions, respectively
(Table 3). No PHB was detectable when lactose was used as
the carbon source.

Effect of L-arginine and hemin on PHB and biomass pro-
duction by L. lactis. 1t is known that L. lactis produces large
amounts of lactate under conditions favoring homolactic fer-
mentation, which eventually inhibits its growth by lowering the
pH. In previous studies, it was assumed that growth would be
improved by supplementation with L-arginine or hemin (8, 12,
14, 15, 34, 46). To evaluate the effect of these supplements on
PHB and biomass production, cultivation was performed in the
absence of these supplements or in the presence of either
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TABLE 3. Effect of aeration, carbon source, and additives on PHB
accumulation in L. lactis NZ9000 harboring pNZ-CAB*

POLYESTER BEAD PRODUCTION BY LACTOCOCCUS LACTIS 4671

TABLE 4. Effect of growth condition modifications on lactate and
acetate production”

Carbon CDW PHB content?

source Additive” Aeration® (elliter) (%, wiiwt) pH*
Glucose None + 1.23 4.10 4.64
None - 1.26 0.98 4.46

Glucose L-Arginine + 1.63 4.44 548
L-Arginine - 1.44 0.92 5.17

Galactose  L-Arginine + 1.62 451 5.64
L-Arginine - 1.70 0.99 5.21

Lactose L-Arginine + 0.60 0 7.78
L-Arginine - 0.55 0 8.59

Glucose Hemin + 2.19 1.79 5.18

“ Experiments were conducted in triplicate, and the mean values are shown.
The standard deviation was <15%. Cells were cultivated in 50 ml M17 supple-
mented with 1% of the carbon source shown in the table at 30°C for 24 h.

b L-Arginine at 0.3% (wt/vol) or 10 pg/ml hemin was added to the growth
medium (M17 with 1% of the carbon source) where applicable.

¢ +, cultivated in a 250-ml flask with agitation; —, cultivated in a sealed 50-ml
bottle without agitation.

4 PHB content was determined by GC/MS.

¢ pH in culture supernatant.

L-arginine or hemin. The presence of arginine only slightly
increased biomass formation and PHB production, whereas
the addition of hemin caused an increase in biomass formation
but a decrease in PHB production (Table 3).

Lactate and acetate formation by recombinant L. lactis un-
der various cultivation conditions. It was further investigated
how various cultivation parameters, e.g., the nisin concentra-
tion, the carbon source, or aeration/no aeration, affect lactate
and acetate formation by recombinant L. lactis. Of particular
interest was the correlation between PHB production and acid
fermentation under various cultivation conditions. The pres-
ence or absence of nisin as well as various nisin concentrations
did not significantly affect lactate formation, which was corre-
lated with the finding that the absence or presence of PHB did
not play a major role in lactate formation (Table 4). Only
lactose led to strong lactate production. Lactate formation was
not significantly affected by oxygen availability. The analysis of
acetate formation showed similar results, except that anaerobic
conditions strongly reduced acetate formation (Table 4). The
same trends were observed for lactate and acetate formation
when cells were grown using either galactose or lactose as the
carbon source independently of supplementation with L-argi-
nine (data not shown). More detailed results are given in Fig.
S1 in the supplemental material.

Time course experiments monitoring acetate and lactate
formation, respectively, by recombinant L. lactis showed that
lactate formation decreased by about fourfold, whereas the
acetate formation increased by about fivefold with increasing
CDW and increasing PHB content (Table 4; also see Fig. S2 in
the supplemental material). The pH of the growth medium
decreased over time (from greater than 7 to 5), the decrease
being inversely correlated with the increase in CDW and PHB
(data not shown).

Formation of PHB granules and their analysis. To confirm
that the accumulated PHB is deposited as spherical inclusions
inside recombinant L. lactis, cells were subjected to TEM anal-
ysis. Only cells harboring all three PHB biosynthesis genes and,
thus, capable of PHB biosynthesis showed the formation of
intracellular granules (Fig. 1A and B). The diameter of PHB

Parameter changed or Change in production of¢:

modification®

Lactate Acetate

PHB accumulation” — —
Increasing nisin concn — —
Lack of aeration — Ul
Carbon source

Glucose without arginine l —
Glucose plus hemin l —
Galactose (1) M)
Lactose ™1 1
Time (0 to 10 h) l 1

“ That is, changed compared to standard growth conditions: M17 medium plus
1% (wt/vol) glucose and 0.3% (wt/vol) arginine, aerobic cultivation for 24 h, and
induction with 10 ng/ml nisin.

b Lactococcus lactis NZ9000 harboring plasmid pNZ-CAB (PHB production)
instead of plasmid pNZ-AB (no PHB production).

¢ —, not affected; | or 1, decreased or increased, respectively; | | or 1 1,
strongly decreased or increased, respectively; (| ) or (1), very slight decrease or
increase, respectively.

granules accumulated in cells was about 150 nm. PHB granules
were isolated and subjected to GC/MS (data not shown) and
TEM analysis (Fig. 1C). Granule-associated proteins were
identified by SDS-PAGE analysis combined with tryptic pep-
tide fingerprinting using MALDI-TOF(MS). A dominant pro-
tein with an apparent molecular mass of about 60 kDa was
identified as PHA synthase (PhaC). A further six prominent
proteins were identified. SDS-PAGE and MALDI-TOF(MS)
results are shown in Fig. S3 in the supplemental material.

Production of functionalized PHB beads by recombinant L.
lactis. To assess whether recombinant L. lactis harboring the
respective hybrid gene encoding a PHA synthase fusion pro-
tein can be used to manufacture PHB beads displaying a de-
sired functionality for, e.g., medical applications, the IgG an-
tibody binding ZZ domain of protein A from S. aureus was
chosen as the protein function to be displayed and fused to the
N terminus of the PHA synthase as previously described (5)
but adapted to the codon usage bias of L. lactis. The produc-
tion of functionalized PHB granules was monitored by GC/MS
(data not shown) and TEM (Fig. 1D). The respective ZZ
domain-displaying PHB beads (ZZ beads) were isolated from
L. lactis NZ9000(pNZ-ZZCAB) and subjected to TEM (data
not shown) and SDS-PAGE analysis (see Fig. S3 in the sup-
plemental material). A very dominant protein with an apparent
molecular mass of 66 kDa was identified by tryptic peptide
fingerprinting using MALDI-TOF(MS) as the ZZ domain
PhaC fusion protein (ZZ-PhaC).

Assessment of the functionality of ZZ beads from recombi-
nant L. lactis by ELISA and IgG purification. The specific IgG
binding of the ZZ beads isolated from L. lactis was assessed by
ELISA to demonstrate the functional display of the ZZ do-
main at the bead surface. A higher absorbance (representing
IgG-conjugated HRP activity) was measured for the ZZ beads
isolated from recombinant L. lactis than for ZZ beads isolated
from recombinant E. coli, indicating that the L. lactis ZZ beads
are functional (Fig. 2). PHB beads displaying only wild-type
PHB synthase did not show any significant binding of IgG.

Furthermore, ZZ beads from recombinant L. lactis were
applied for the purification of IgG antibodies from human
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FIG. 1. TEM analysis of L. lactis NZ9000 accumulating PHB and isolated PHB granules. (A) Cells of L. lactis NZ9000(pNZ-AB) not showing

any PHB accumulation (negative control); (B) cells of L. lactis NZ9000(pNZ-CAB) filled with small PHB granules (diameter, 100 to 200 nm);
(C) PHB granules isolated from L. lactis NZ9000(pNZ-CAB), demonstrating the retention of size and shape during the isolation process; (D) cells

of L. lactis NZ9000(pNZ-ZZCAB).

serum. SDS-PAGE analysis of proteins eluted from the beads
showed that two proteins corresponding in size to the antibody
heavy and light chains were strongly enriched in the elution
fractions compared to their levels in the original serum (Fig.
3). Analogously to ZZ beads from recombinant E. coli, the Igs
eluted from L. lactis ZZ beads at pH 2.7 and with a similar
degree of purity. However, more IgG was eluted from the L.
lactis ZZ beads than from the E. coli ZZ beads. No Igs were
eluted from PHB beads not displaying the ZZ protein (Fig. 3).

DISCUSSION

In previous studies, it was demonstrated that the PHA syn-
thase can be engineered to display various protein functions at
the PHA granule surface when produced by gram-negative
bacteria (5, 43). These granules were applicable as beads in
affinity purification, diagnostics, and biocatalysis. However, for
medical applications of these biopolyester beads, it would be
favorable to establish production in a safe host such as the
food-grade and generally-regarded-as-safe microorganism L.
lactis. As a gram-positive bacterium, L. lactis does not produce
LPS (49, 52), which often represent a problem regarding the
medical applications of products derived from gram-negative
bacteria (33, 40).

Here, the PHB biosynthesis pathway was established in re-
combinant L. lactis. The main conclusion is that PHB produc-
tion in recombinant L. lactis is possible, but that it is more of
a challenge to push the metabolism toward higher PHB yields.

4.5
4.0 I
3.5
3.0
2.5+
2.0+
1.5+

Absorbance (490 nm)

1.0+
0.5

0.0

ZZ beads L. lactis control beads L. /actis ZZ beads E. coli

O5pug O025pug @1.25yg W625ng E312.5ng M156.25 ng

FIG. 2. ELISA demonstrating specific binding of IgG to ZZ do-
main-displaying beads isolated from L. lactis; ZZ beads L. lactis indi-
cates beads isolated from L. lactis NZ9000(pNZ-ZZCAB) that pro-
duce ZZ-PhaC; control beads L. lactis indicates granules isolated from
L. lactis NZ9000(pNZ-CAB) that produce PhaC only; and ZZ beads
E. coli indicates granules isolated from E. coli producing ZZ-PhaC.
Isolated PHB granules were bound to ELISA plates, and HRP-conju-
gated rabbit anti-mouse IgG was used to detect the functional display
of the ZZ domain. o-Phenylenediamine was used as the substrate for
HRP. L. lactis-derived wild-type granules not displaying the ZZ do-
main and ZZ domain-displaying granules from E. coli were used as
negative and positive controls, respectively. The increasingly darker
gray shading of the columns indicates decreasing amounts of granule
protein used in the assays (5 pg, 2.5 ug, 1.25 ng, 625 ng, 312.5 ng, and
156.25 ng). Measurements were performed in triplicate, and the mean
values and standard deviations are indicated.



VoL. 75, 2009
kDa

e —116.0

- - - 662

e — 450

— W  — 350
-

- - - 250

- - — 184

FIG. 3. SDS-PAGE analysis of human serum proteins bound in
vitro to ZZ domain-displaying beads isolated from L. lactis or E. coli
and released after elution, demonstrating IgG purification. Lane 1,
human serum; lanes 2 and 6, molecular size standard; lane 3, proteins
eluted at pH 2.7 from L. lactis ZZ beads; lane 4, proteins eluted at pH
2.7 from E. coli ZZ beads; and lane 5, proteins eluted at pH 2.7 from
L. lactis control beads not displaying the ZZ domain. Beads were
washed as described in Materials and Methods, incubated with human
serum for 30 min, and washed again, and bound proteins were eluted
with glycine, pH 2.7. The heavy (asterisk) and light chains (circle) of
the strongly enriched Igs are indicated.

Furthermore, the key biosynthesis enzyme, the PHA synthase,
and a fusion protein variant of the PHA synthase were found
to be overproduced at the PHB granule surface when using the
NICE system.

GC/MS analysis showed that recombinant L. lactis harboring
the phaCAB genes on plasmid pNZ8148 could accumulate
PHB to up to 6% (wt/wt) of its CDW when 40 ng/ml nisin was
used for induction (Table 2). However, at this nisin concentra-
tion, the CDW was decreased by about 15% (wt/wt) compared
to the maximum CDW obtained in the absence of inducer. The
growth inhibitory effect of nisin generally was observed at
concentrations above 10 ng/ml, which is in the range of previ-
ously observed inhibitory levels (9, 26). Interestingly, the CDW
of L. lactis NZ9000 harboring the empty vector pNZ8148 was
lower than that of the strain carrying either pNZ-AB or pNZ-
CAB (Table 2). This decreased growth most likely was due to
the lower pH of the NZ9000(pNZ8148) culture, which in turn
could be related to the fact that in strains NZ9000(pNZ-CAB)
and NZ9000(pNZ-AB) PhaA affects acetyl-CoA availability
and, thus, acid formation.

Under anaerobic conditions, the final pH was slightly lower
than that under aerobic conditions (Table 3). Due to the switch
from mixed-acid fermentation to homolactic fermentation, un-
der anaerobic conditions one would expect an increase in lac-
tate production and a decrease in acetate production. Aerobic
conditions should be favorable for PHB production, because
the carbon flux from pyruvate to acetate via acetyl-CoA, a PHB
precursor, is promoted during mixed-acid fermentation. While

POLYESTER BEAD PRODUCTION BY LACTOCOCCUS LACTIS 4673

acetate levels and PHB production during growth on glucose
were indeed higher under aerobic and lower under anaerobic
conditions, no significant difference in lactate production de-
pending on the presence or absence of oxygen was observed
(Tables 3 and 4). Thus, the lower pH in culture under anaer-
obic conditions might be due mainly to formate production.

PHB production with galactose as a carbon source was com-
parable to that with glucose under both aerobic and anaerobic
conditions (Table 3). This was contrary to the theoretical ex-
pectation that cultivation on galactose would increase the sup-
ply of acetyl-CoA by switching the flux from lactate production
to acetyl-CoA in mixed-acid fermentation. However, it was
previously reported that galactose also can cause the induction
of the nis4 promoter, to a much smaller extent than nisin but
causing a significant decrease of nisin-mediated induction if
the two components are present simultaneously (6). The re-
spective effectors, NisR for nisin and an unknown compound
for galactose, were found to act on overlapping sites of the nisA
promoter. This effect of galactose on nisin induction was ob-
served only in strains that metabolize galactose via the Leloir
pathway, which is the case in L. lactis MG1363 (6, 11, 18). With
lactose as a carbon source, cells did not grow well and did not
accumulate any PHB (Table 3). A probable reason is an im-
paired lactose uptake ability of L. lactis MG1363-derived
strains that lack a plasmid involved in lactose utilization (13).
This is supported by the observation that the growth of
NZ9000(pNZ-CAB) was no better in M17 medium with lac-
tose than in M17 medium alone (data not shown).

The supplementation of the medium with L-arginine or he-
min improved the CDW of L. lactis but did not increase PHB
accumulation (Table 3). Two moles of ammonium produced
from 1 mol of L-arginine via the arginine deiminase pathway
previously was shown to improve the growth of L. lactis by
neutralizing the lactate-mediated acidic pH of the medium (8,
34). Hemin has been demonstrated to enable the respiratory
growth of L. lactis in the presence of oxygen (12). It was found
to increase the final growth yield and improve long-term sur-
vival, probably by helping to maintain a higher pH (12, 14, 46).
Hemin also was reported to have a suppressive effect on lactate
formation, which was thought to be due to the presence of
alternative electron sinks for NAD regeneration and/or lactate
consumption (36). Improved growth with both L-arginine and
hemin did not result in increased PHB production (Table 3),
thus carbon must have been converted to biomass and not
PHB precursors.

L. lactis accumulated only 6% (wt/wt) PHB of CDW com-
pared to 60 to 80% (wt/wt) for recombinant E. coli and C.
necator, as well as 50% (wt/wt) reported for the gram-positive
recombinant C. glutamicum (25, 32). It is expected that the
PHB yield for L. lactis can be improved, but this most likely will
require more fundamental measures than modifications of me-
dium composition, growth, and induction conditions. In order
to determine the most effective means to increase PHB pro-
duction, it might be advisable to monitor metabolic fluxes. The
use of an Ldh (lactate dehydrogenase) mutant strain might
help to redistribute the pyruvate pool/flux. Another possibility
is modifying the strength of the expression of the individual
pha genes. In the case of C. glutamicum, a significant increase
in recombinant PHB accumulation was obtained by gene dos-
age (25).
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PHB granules isolated from L. lactis NZ9000 harboring
pNZ-CAB and pNZ-ZZCAB were small (diameter, 100 to 200
nm) and uniform in size (Fig. 1) compared to the average sizes
reported in the literature for other organisms (100 to 500 nm
or even larger) (43). Even after the longer cultivation of L.
lactis (48 h instead of 24 h), granule size did not significantly
increase (data not shown). Thus, the small granule size might
reflect the small cell size of L. lactis or the relatively meager
PHB accumulation. With regard to therapeutic applications of
nanoparticles, and when, for example, considering drug deliv-
ery, size has been shown to be one of the major factors for
successful delivery apart from chemical properties. The effi-
ciency and speed of cellular uptake and even the mechanism of
endocytic internalization (and thus the fate of the drug) can be
size dependent (23, 45).

The protein profile of proteins associated with granules iso-
lated from L. lactis was different from that obtained for E. coli,
but interestingly one of the more prominent proteins in both
organisms was elongation factor Tu (see Fig. S3 in the supple-
mental material) (3). PhaC or ZZ-PhaC was the dominant
protein at the surface of the respective granules from recom-
binant L. lactis. Another protein found at the granule surface
was B-ketothiolase (PhaA), but like the identified L. lactis
proteins, this is most likely an isolation artifact and not phys-
iologically relevant.

77 domain-displaying PHB beads isolated from L. lactis
were functional in both ELISA and IgG purification (Fig. 2
and 3). However, the L. lactis ZZ beads showed a greater IgG
binding capacity in ELISA and a slightly increased IgG puri-
fication capacity than those of E. coli ZZ beads. This could be
due to a higher density of ZZ-PhaC fusion protein at the bead
surface as well as the significantly smaller size of the L. lactis-
derived beads. The superior performance of the L. lactis ZZ
domain-displaying granules and the advantage of this safe,
LPS-free production organism suggested that L. lactis can be
conceived as an alternative host for the manufacture of func-
tionalized biopolyester beads. This is particularly relevant for
the production of functionalized biopolyester beads designed
for medical application where a food-grade production host
such as L. lactis and even the food-grade inducer nisin might
provide an important advantage. In addition, the NICE system
has a strong inducible promoter that is suitable for the efficient
production of heterologous proteins, which is required for the
functionality of biopolyester beads displaying the PHA syn-
thase fusion proteins at high density (35, 47).
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